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I. INTRODUCTION
Wavelength division multiplexing (WDM) is a technology that has been established as a means to provide multiplication in capacity by multiplexing several optical carrier signals in a single fiber using different wavelengths [1] . As one of the most common switching technologies in various WDM networks, optical circuit switching (OCS) [2] , [3] has been widely adopted, in which optical connections (or lightpaths) between sources and destinations are established as point-to-point links. Reconfigurable Optical Add/Drop Multiplexers (ROADMs) are devices that enable very efficient provision of WDM services across different optical networks and extensive research has been undertaken to explore the flexibility and cost effectiveness of ROADMs [4] , [5] , [6] , [7] , [8] , [9] , [10] . This is because ROADMs can be employed to remotely reconfigure and add and drop wavelengths, which simplify network upgrades and minimizes operational costs. In particular, ROADMs are essential to WDM core networks because of the increasing need to create major networks to tackle the bandwidth needs [11] , [12] , [13] , [14] .
One way of evaluating the performance of a ROADM is by investigating its capability to switch wavelengths in terms of its blocking probability. J. Wagener et al [15] evaluated the blocking probability from the aspect of characterizing the economic impact of bandwidth in fixed OADM relative to ROADM networks. In [16] the arrival occupancy distribution of busy wavelengths for non poison traffic is derived and the ROADM model predicts that traffic peakedness plays an important role in determining the blocking performance. In [17] and [18] blocking in ROADM optical networks is investigated and both papers consider cases of different multi hop ROADM networks. Also [19] , [20] , [21] , [22] investigate the performance of ROADMs using a theoretical model called the "routing power" model. The minimum number of ROADMs required for accommodating a given traffic load for a specific ROADM architecture in ring optical networks and an acceptable wavelength blocking probability has also been carried out [23] .
The main contribution of this paper is to provide a computationally scalable analytical model for the performance evaluation of ROADMs with the ability to capture different switch characteristics. According to our knowledge, this is the first time, a Queuing Network Model is proposed to evaluate the performance of full or partial switch ROADMs, on its own or against other ROADM designs, able to produce an exact blocking probability solution (9) . Moreover the wavelength connection requests and occupancy times are represented using the exponential distribution which is considered to be a realistic assumption. Such an assumption has been used extensively in research literature [24] , [25] , [26] , [27] , [28] , [29] .
This model is valid for existing ROADM architectures involved in practical networks and provides not only a meaningful basis for comparing the network performance of various ROADM architectures but also a useful tool for cost-effective network designs. Using this paper's exact analytical blocking probability solution, design guidelines can be implemented by determining the size of the switch in the ROADM for particular traffic conditions. This paper is organized as follows. The ROADM theoretical model is developed in Section II. The ROADM performance is then derived in terms of its blocking probability in Section III. Performance evaluation results are presented along with simulation results in Section IV. Finally, the paper concludes in Section V.
II. THEORETICAL MODEL

A. The ROADM Model
A ROADM can be described as a device consisting of a multiplexer and de-multiplexer pair with an optical switch sandwiched in between. It is composed by two logical input ports, namely IN and ADD, as well as two logical output ports, namely OUT and DROP. Fig. 1 is not a full switch. But our scalable model, as it is shown later, is able to take into consideration any switch size. B) The interarrival times of connection requests follow an Exponential distribution with mean arrival rates λ 1 , λ 2 , λ 3, λ 4 where: a) λ 1 is the arrival rate of the direct IN to OUT port connection requests not passing through any optical switch (type 1 connection).
b) λ 2 is the arrival rate of the IN to OUT port connection requests passing through any optical switch (type 2 connection). c) λ 3 is the arrival rate of the ADD to OUT port connection requests (type 3 connection).
d) λ 4 is the arrival rate of the IN to DROP port connection requests (type 4 connection).
C) The connections holding time is exponentially distributed with a mean service rate µ.
Initially when there is a connection request, service takes place in one of the 2 loss systems and a connection is being established. Each established connection holding time is represented by the service time of the corresponding server. In this paper the assumption of exponentially distributed connection holding times is used. Connection requests that occur in a server system that is 100% utilized are blocked.
It can be seen that our ROADM model can take into account any switch size with different analogies of IN, OUT, ADD, DROP ports. Furthermore it is very versatile being able to take assumptions of different traffic scenarios providing exact results.
III. PERFORMANCE ANALYSIS OF THE TWO Μ/Μ/C/C LOSS SYSTEMS
A. The two M/M/c/c Loss Systems
For the first Μ/Μ/c/c system with the (W-K) servers, the traffic intensity per server (wavelength) is:
The probability that all servers are busy is:
For the 2 nd system the solutions are similar. The traffic intensity per server is:
B. The Overall Blocking Probability of the ROADM
The overall blocking probability π for the system follows the principle:
with p 1 and p 2 being the splitting probabilities into two incoming traffic streams with:
By combining formulas (2), (4) and (5) the overall blocking probability π of the ROADM is derived:
Using the overall blocking probability formula (9) the performance of a ROADM design with generic switching capabilities can be evaluated for different traffic conditions, on its own or against other ROADM designs. In the next section performance evaluation results are presented and compared with simulation results.
IV. PERFORMANCE EVALUATION
In this section, we demonstrate how our model can be used in order to evaluate and maximize a ROADM design flexibility and connectivity, for circuit switched optical networks.
We consider two scenarios in order to define areas of optimum performance for the switch depending on parameters including traffic intensity, blocking and size of the switch in terms of wavelengths. In the first scenario the number of total wavelengths W is set to 10 and the overall traffic intensity takes values of α=α 1 +α 2 = {0.2, 0.4, 0.6, 0.8} in order to assess the performance of the ROADM in different traffic conditions. Plots for the blocking probability versus K = {2, 4, 6, 8} which is the number of wavelengths in the switch, are presented in Fig. 3 (a) , (b) and (c). In the second scenario, the number of total wavelengths W is set to 20 and the blocking probability versus the traffic intensity for K= {4, 8, 12, 16} is shown in Fig. 4 (a), (b) and (c).
Our results wouldn't be realistic if we would examine a ROADM with similar values of mean arrival rates λ 1 , λ 2 , λ 3, λ 4 . Since λ 1 is affecting α 1 and λ 2 , λ 3, λ 4 are affecting a 2 we consider in both scenarios three cases in terms of traffic intensity, α 1 < α 2 , α 1 = α 2 and α 1 > α 2 . By doing so, we can examine the effects of asymmetric traffic loads in the ROADM in relation to its physical characteristics. In terms of analogy between α 1 and α 2 in the plots the following relationships were used: α 1 < α 2 , (2α 1 =α 2 ) and for α 1 > α 2 , (α 1 =2α 2 ).
A. Blocking Probability vs. K Number of Wavelengths in the Switch, W=10
In Fig. 3 it can be observed that there is an optimum point in terms of blocking probability. Also it can be seen how dependant performance is on the traffic conditions. In Fig. 3 (a) traffic intensity of the direct IN to OUT port connections is half the combined traffic intensity of all other connections that have to pass through the switch 2α 1 =α 2 . In these conditions a 10 wavelengths ROADM with a 6x6 switch would be the best choice.
In Fig. 3 (b) α 1 = α 2 , while the ROADM performance is best when using switch sizes of 4x4 and 6x6. In Fig.  3(c) α 1 =2α 2 and performance is optimum with a 4x4 switch.
Also noticeable is the importance of balance between the traffic intensity values in a ROADM. As it can be seen in Fig. 3 (b) blocking and subsequently performance is better, giving the ROADM 2 points of optimum performance as well as half the maximum peak size in terms of blocking.
The comparison of analytic and simulation results can be seen in Fig. 5 in terms of the Blocking probability versus number of wavelengths in the switch K, for W=10 and 2α 1 =α 2 . The simulation results verify the accuracy of the analytical method of the ROADM model. 
B. Blocking vs. Traffic Iintensity, W=20
In Fig. 4 we present results for a 20 wavelengths ROADM using the total traffic intensity as x axis. It can be easily seen how important is the balance between the traffic intensities of the different parts of the ROADM. The blocking probability is also increased when K which symbolizes the number of wavelengths passing through the switch is increased. This is true because the number of wavelengths outside the switch is decreased causing the blocking probability of ROADM to increase.
Note that other plots with different sets of parameters result in similar plots and are omitted here for brevity. Also the analytic and simulation results are compared in Fig. 6 in terms of Blocking probability versus traffic intensity α=α 1 +α 2 for W=20 and 2α 1 =α 2 .
The simulation results are almost identical to the analytic results verifying the accuracy of the analytical method of the ROADM model. 
V. CONCLUSION
In this paper, a new model was developed in order to analyze and quantify the performance of ROADMs in optical WDM circuit switched networks. Particular interest was given at the effect of traffic conditions in terms of blocking. By using our proposed model, design guidelines can be implemented dependent on the particular traffic conditions expected from the ROADM.
The main contribution of this paper has been the derivation of a computationally scalable and exact formula for aiding the design of single switch ROADMs with general switching capabilities.
Finally we showed how, depending on the expected traffic intensities on a network you can determine the size of the switch in the ROADM using an exact analytical solution which was verified by simulation results. 
